During infection, it is readily apparent that the immune system affects the brain and behaviour. The feelings of malaise, fatigue and loss of appetite (among others) were initially thought to be a direct consequence of the pathogen; however, seminal studies have described how sickness behaviour is a well-orchestrated host response to fight infections (reviewed in REF. 1 ). In the absence of infection, an immune response directed towards the CNS has typically been considered pathogenic. However, it is only recently that we have started to appreciate that immune surveillance of the CNS is crucial for correct brain function and recovery after injury 2 .
In this Opinion article, we review recent works describing the effects mediated by adaptive immunity (primarily T cells and their derived molecules) on the brain. Although the brain itself is considered immune privileged, T cells patrol the borders (meningeal spaces) of the CNS FIG. 1) . We highlight our current understanding of how T cells are involved in response to CNS injury and how, under physiological conditions, they affect learning and social behaviours in mice. As the immune system constantly adapts when exposed to pathogens, different T cell-derived enter the lesion site as early as 1 day post-injury (DPI), initially clustered around blood vessels, and increase in numbers in the parenchyma between 3 and 7 DPI 4 .
After an I/R injury, Rag −/− mice, which lack T cells and B cells and thus are deficient for adaptive immunity, show decreased lesion volumes and neurological deficit compared with injured wild-type mice 5 . Furthermore, adding splenocytes to Rag −/− animals to repopulate the T cell and B cell compartments reverses the effect 5 . Similar results were obtained using severe combined immunodeficiency (SCID) mice (which also lack T cells and B cells) 6, 7 . The mechanisms that underlie the detrimental activities of T cells in I/R injury remain incompletely understood. After ischaemic injury, infiltrating T cells are predominantly skewed to type 1 T helper (T H 1) and T H 17 phenotypes 8 , and adoptive transfer of T cells skewed towards T H 1 and T H 17 phenotypes worsened behavioural scores after middle cerebral artery ligation and reperfusion (a model of ischaemic stroke) 9 . A working theory is that their canonical cytokines -IFNγ, interleukin-17 (IL-17), IL-21 and IL-23 -contribute to neuronal degeneration (FIG. 2a-c) ; thus, manipulating T cell phenotypes may be a promising avenue for future work. For example, systemic treatment with the alarmin IL-33 was beneficial in a stroke model and was associated with an increase in T H 2-derived cytokines and in the ratio of T H 2 cells to T H 1 and T H 17 cells in lesion sites 8, 10 .
T cells after traumatic CNS injuries.
In contrast to I/R injuries, recovery after traumatic CNS injuries, including facial nerve transection 11 , traumatic brain injury 12 , optic nerve crush injury [13] [14] [15] and spinal cord contusion 16 , seems to benefit from T cell assistance. After traumatic CNS injury, T cells are rapidly recruited, starting at 1 DPI and peaking at 4−10 DPI, depending on the type of injury 14, 17 . Athymic nude mice, Rag −/− mice and SCID mice all show impaired neuronal survival following injury compared with injured wild-type mice 11, [18] [19] [20] . This impairment is attenuated when T cell-deficient mice are supplied with splenocytes. T cells can produce neurotrophic factors (including molecules have the capacity to alter the neuroimmune dialogue during different types of infection. Here, we speculate on a novel mechanism of how an anti-pathogen cytokine, interferon-γ (IFNγ), may have evolved to limit the spread of pathogens as organisms aggregate, highlighting a potential co-evolutionary 'arms race' of pathogens and hosts. Overall, neuroimmune communications are essential for correct brain function, and understanding this complex language will broaden our repertoire for therapeutics through targeting the immune system to treat neurological disorders.
brain-derived neurotrophic factor (BDNF), neurotrophin 3 and nerve growth factor) at the site of injury, possibly explaining some of their neuroprotective effects 21 (FIG. 2d-f) .
Together, these studies point to a beneficial effect of T cells after traumatic CNS injury 18 .
Possible mechanisms. A series of early investigations have suggested a counterintuitive mechanism of the beneficial effect of T cells after traumatic CNS injury, suggesting that the effect is mediated by autoreactive T cells specific for brain antigens 13, 19, [22] [23] [24] . Injecting mice with myelin basic protein after stroke 26, 27 , whereas, interestingly, reactivity to neuronal antigens was conversely associated with improvement 28 . Preconditioning rats with MBP antigen intranasally before I/R injury also resulted in an improved outcome and was associated with an increased ratio of MBP-reactive regulatory T cells (T reg cells) to MBP-reactive T H 1 cells 29 .
The conditions that determine whether autoimmune responses are harmful or beneficial remain unclear. Current data suggest that these conditions are primarily affected by the type of insult, and this may explain the differences in the effects of T cells after I/R versus traumatic CNS injuries. Autoimmune responses probably exist in a delicate balance, with both too much and too little activity leading to suboptimal recovery.
In addition to the theory of protective autoimmunity, recent work from our group has pointed to an antigen-independent mechanism of T cell neuroprotection after trauma 14 . To test whether the beneficial effects of T cells depended wholly on T cell receptor (TCR)-major histocompatibility complex class II (MHC II) engagement, mice that lack MHC II proteins (known as MHC II-deficient mice), which normally lack CD4 + T cells, were injected with CD4 + T cells at 1 and 8 DPI. If antigen specificity were indeed important for the neuroprotective actions of T cells, as suggested by earlier studies, these injections would be expected to have no effect. However, injecting T cells in MHC II-deficient mice markedly improved neuronal survival after injury 14 . Although the beneficial response was thus independent of TCR-MHC II interactions, it was dependent on myeloid differentiation primary response protein 88 (MYD88) and T cell-derived IL-4 (REF. 14). Therefore, the beneficial actions of T cells after CNS injury may occur through multiple mechanisms -some that are antigen dependent, and others that are not. It is possible that the availability of antigens and danger molecules (molecules used by the immune system to recognize tissue damage 30 ) released from the site of injury endow T cells with either neuroprotective or neurodestructive properties.
Many studies have investigated the role of T reg cells after CNS injury. T reg cells suppress the response of other T cells by producing anti-inflammatory cytokines, such as IL-10, and by competing for the T cell survival signal IL-2 (REF. 31 ). Depletion of T reg cells using a CD25-specific antibody before I/R injury was associated with increased infarct volume, neutrophil infiltration, microglial (MBP)-specific T cells immediately after optic nerve crush (a model of CNS injury) limited continuous secondary degeneration of retinal ganglion cells and improved optic nerve conductance compared with untreated injured controls 13 . Similar results were obtained after spinal cord injury in rodents 23 : injected MBP-specific T cells accumulated at the injury site and improved outcomes 13, 22 . Autoimmune responses are implicated in both improved and impaired recovery in stroke 25 . The number of MBP-responsive T H 1 cells in particular seems to be a marker for worse outcome in patients The secreted cytokines can profoundly affect the regulation of the local immune response, the nature of which is highly dependent on the stimulus and the environment. For example, the single-cell parasite Toxoplasma gondii induces a type 1 (mainly T H 1-driven) response, whereas infections by parasitic worms induce a type 2 (mainly T H 2-driven) response 109, 110 . The CNS parenchyma in its naive state does not contain lymphocytes, but T cells reside in the meninges and are proposed to influence brain function from there (FIG. 1) . According to currently proposed models, T cells enter the meninges and the CSF through blood vessels in the leptomeninges (the pia mater and arachnoid), through meningeal blood vessels in the dura, or through the choroid plexus 111, 112 , and exit to the deep cervical lymph nodes through meningeal lymphatic vessels 2, 113, 114 . Using intravital two-photon microscopy, Schläger et al. 111 observed T cells extravasating from blood vessels into the leptomeninges, where they gained access to the CSF in the subarachnoid space.
Following acute infection or injury in the CNS, as in peripheral tissues, T cells are recruited from the bloodstream through a chemokine gradient and upregulation of adhesion molecules on the luminal surface of the vascular endothelium 115 , which bind to integrins activated on the surface of circulating T cells, to promote extravasation. Adhesion molecules have some degree of specificity for particular tissues, and, during the presentation of an antigen, the profiles of integrins on T cells are imprinted in the draining lymph nodes of a tissue recruiting a T cell response 116 . For example, binding of very late antigen 4 (VLA4) to vascular cell adhesion molecule 1 (VCAM1) is important for extravasation of T cells and their homing to the CNS and meninges 117 . Inhibition of this interaction by a neutralizing antibody (in disease or steady state) attenuates T cell extravasation, thereby depleting the meningeal T cell population within days 46, 117 . Under physiological conditions, T cell accumulation in the meninges seems to be antigen dependent 48 , although the antigen specificity of meningeal T cells is not known. Meningeal lymphatic vessels are supposedly the major traffic route for the exit of meningeal immune cells 114 , although further in vivo experiments tracking labelled cells exiting the meninges are required to substantiate this claim. activation and cytokine production 32 . Many of these findings could be recapitulated by IL-10 injections, which suggests that IL-10 is an important T reg cell product for these effects 32 . Interestingly, other studies show an apparently opposite role for T reg cells. Depletion of T reg cells in DEREG mice (in which the diphtheria toxin receptor is expressed under the Foxp2 promoter, and thus injection of diphtheria toxin selectively kills T reg cells) actually improved recovery after injury. Notably, the mechanism of impairment induced by T reg cells has been suggested to be independent of their modulatory effects on other T cells, as the addition of T reg cells to T cell-deficient Rag −/− mice also led to impairment, and T reg cells were linked to increased pathologic cerebral vascular events 33 .
A similarly complicated picture of the involvement of T reg cells has been described in traumatic CNS injury. As mentioned above, repopulating athymic nude mice with splenocytes promoted neuronal survival after injury, but there was further benefit in adding splenocyte populations partially depleted of T reg cells 18 . Moreover, partially depleting T reg cells after optic nerve crush (modelled using the DEREG mice) improved neuronal survival. Interestingly, increasing T reg cells worsened neuronal survival and was associated with a decrease in alternatively activated (that is, tissue-healing) macrophages at the injury site 34 . For optimal recovery, the number of studies should focus on understanding and ultimately harnessing these milieus to drive the optimal circumstances for T cell-mediated neuroprotection. Further work is also needed to address the relative importance of antigen-dependent versus antigen-independent activation of T cells in CNS injury, the therapeutic potential of T H 2-derived cytokines, such as IL-4, and the complex interactions between lymphocytes and other immune cells at the injury site.
T cell influences on the brain
The vital part played by the immune system in recovery from CNS injury, as described above, prompts the question of how the immune and nervous systems interact under physiological conditions.
T cell effects on learning and behaviour.
The immune system, particularly through T cells, affects CNS function in health and in disease. Early work demonstrated that SCID mice perform poorly in the Morris water maze and other spatial learning and memory tasks 38, 39 . Notably, learning and memory in SCID mice can be rescued by reconstituting the T cell compartment 38 .
Further supporting the specific influence of T cells on learning behaviour, learning is not impaired in mice that specifically lack B cells 40 . Behavioural deficits observed in T cell-deficient mice are not restricted to learning and memory impairments. It was recently observed that SCID mice show impaired social behaviour in the three-chamber sociability assay 41 , which determines the preference of a test mouse to investigate a novel mouse over a novel object 42 . As with learning, deficits in social behaviour were rescued 4 weeks after repopulation with wild-type lymphocytes; however, it has not been reported how long these effects last. Mice that lack T cells also exhibit heightened susceptibility in a model of post-traumatic stress disorder 43 , show impaired maternal behaviour 44 and exhibit compulsive grooming 45 .
Mechanisms that underlie T cell influences on the healthy brain. How do T cells manifest their effects on the function of the healthy brain? As mentioned above, under healthy conditions, T cells do not enter the brain parenchyma. However, a considerable number of T cells are found in the healthy meninges, the three-layer membrane lining that surrounds the brain. These meningeal T cells seem to be crucial for correct brain function.
T reg cells must be strictly controlled: if there are too few T reg cells, damage can result from excessive inflammation, whereas if there are too many T reg cells, the beneficial activity of neuroprotective T cells is suppressed. Both of these dysregulated conditions lead to pathological changes in innate immune cells, linking T reg cell-mediated over-suppression or under-suppression to dysfunction of the innate immune system 14, 35 (FIG. 2c,f) . Thus, although the net effect of T cells after CNS injury can clearly be beneficial, their activity must be carefully controlled by means of an appropriate T reg cell response 14 . Much work is still needed to fully understand the nature of the protective and detrimental functions of T cells in various models 35, 36 (FIG. 2) . Particularly confusing are contrasting data from the ischaemia and traumatic CNS injury models, in which -with a few exceptions -T cell activity tends to be detrimental and beneficial, respectively. One possible reason for this difference is the unique inflammatory milieu that is present in each injury site. For example, IL-33 -which is secreted at high levels after traumatic spinal cord injury 37 -encourages a protective T H 2 cell phenotype when given exogenously after stroke 10 . Although a more detailed characterization of IL-33 is required in each of these models, it is possible that differing levels of several factors at the injury site contribute to unique T cell responses. Future For example, mice treated with antibodies specific for very late antigen 4 (VLA4; also known as α4β1 integrin), which effectively block T cell migration to the meninges (and leukocyte migration to other tissues, including mucosal tissues, bone marrow and spleen), exhibit learning deficits in the Morris water maze 40, 46, 47 and impaired social behaviour in the three-chamber assay 41 . The antigen specificity of the T cells seems to be relevant in this model. Transgenic OT-II mice, which express CD4 + T cells that are specifically reactive to the non-self antigen ovalbumin, are impaired in the Morris water maze compared with wild-type mice 40 . This deficit can be ameliorated by the addition of wild-type splenocytes or T cells that are different effects on circuits and behaviours, but the effects of specific cytokines on most behaviours have yet to be addressed.
As mentioned above, meningeal T cells are crucial for normal social behaviour in mice. To identify cytokines that might participate in social behaviour, publically available gene-signature data from immune cells (and fibroblasts) exposed to different cytokines or combinations of cytokines (specifically, IFNγ, IL-4 and IL-13, IL-17, or IL-10 and transforming growth factor-β (TGFβ)) were compared with gene-signature data from rodent brains after exposure to different conditions (for example, a social environment, stress, sleep deprivation, psychostimulants, antidepressants, specific to a brain antigen (in this case, myelin oligodendrocyte glycoprotein) 40 .
Removal of the deep cervical lymph nodes (the major CNS-draining lymph nodes) also impairs learning, supporting the contention that TCR-MHC II interaction in these lymph nodes may be required for normal learning 48 . Meningeal T cells are in proximity to, but do not directly contact, the brain tissue; thus, how they affect brain function remains unclear. It is likely that T cells release soluble cytokines that, through paracrine signalling, directly affect neurons and other CNS cells to influence CNS function and behaviours (including sickness behaviour, sociability and cognition 1, 41, 49 ). The diverse cytokine profiles presented to neurons presumably have skew and IL-4 production. IL-4 and brain-derived neurotrophic factor (BDNF), which is produced by CD4 + T cells, are directly neuroprotective. e | Certain autoreactive T cells are known to have special neuroprotective qualities. In particular, they more readily accumulate to sites of injury than do other T cells, and they are neuroprotective at these sites. f | T H 2 cells modulate myeloid cells at the injury site, promoting a tissue-healing phenotype. T H 2-derived IL-4 is a promising candidate to mediate macrophage skew, but more work is needed to better understand the molecular mechanisms of these interactions. APC, antigen-presenting cell; TCR, T cell receptor.
anticonvulsants or antipsychotics) 41 . The analysis showed that exposure to a social environment induced changes in gene expression that are similar to those triggered by exposure to IFNγ, which suggests that IFNγ has a role in social behaviour. Subsequent experiments confirmed that mice that lacked T cells or IFNγ had social deficits in the three-chamber sociability assay 41 . In contrast to mice deficient for IFNγ, mice deficient for IL-4 were more social than wild-type mice. This was surprising because, following a learning task, IL-4-producing T cells accumulate in the meninges, and mice deficient for IL-4 exhibit learning deficits 46 . These data emphasize the possibility that specific cytokines may differentially regulate specific neuronal circuits.
Mice deficient in T cells or in T cell-derived IFNγ also display aberrant hyperconnectivity in the prefrontal cortex (PFC), as measured by resting-state functional MRI. Intriguingly, hyperconnectivity in the PFC is also observed in patients with autism spectrum disorder (ASD) 50 , and direct, optogenetic hyperactivation of the PFC in mice results in social withdrawal 51 . Reconstitution of the T cell compartment in SCID mice (for at least 4 weeks) or injection of recombinant IFNγ into the CSF of IFNγ-deficient mice restores normal social behaviour and connectivity. In addition, injection of IFNγ into the CSF of wild-type mice enhanced the activation of layer I PFC neurons (as assessed using immunohisto chemistry for FOS, an immediate early gene product), which are almost entirely inhibitory 52 . Moreover, application of IFNγ increased tonic inhibition of layer II/III pyramidal neurons in acutely prepared PFC slices. These IFNγ-induced effects are mediated by neurons, and genetically blocking the ability of neurons to respond to IFNγ -by injecting a Cre recombinase-encoding adenoassociated virus into the PFC of mice that lacked IFNγ receptor 1 (Ifngr1 fl/ fl mice) to specifically target neurons or by conditionally deleting Ifngr in vesicular GABA transporter (VGAT)-expressing inhibitory neurons using Vgat
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fl/ fl mice -was sufficient to induce social deficits and inhibit IFNγ-induced tonic inhibition 41 . Thus, a lack of IFNγ can lead to a disinhibition of the PFC and thus result in social deficits. Interestingly, social preference in IFNγ-deficient mice can be rescued by boosting GABAergic circuits with diazepam. These data suggest that IFNγ acts as a rheostat for controlling baseline activation in the PFC to support appropriate social behaviour (FIG. 3) .
Meningeal T cells can produce various molecules that can affect the CNS, including neurotransmitters (for example, GABA), neuromodulators (such as serotonin) and growth factors (for instance, BDNF), in addition to cytokines [65] [66] [67] . Whether many of these effector molecules can influence neuronal function in physiological conditions is not known, and how they reach their parenchymal targets remains unclear. However, it is possible that small molecules that are released into the CSF, including ~20-25 kDa cytokines, may enter the brain parenchyma through para-arterial flux [68] [69] [70] . This was demonstrated when a fluorescently conjugated ovalbumin tracer (~45 kDa) was injected into the CSF; within 10 minutes, fluorescence was observed to cross from paravascular spaces, across astrocyte end-feet, into the brain parenchyma 68 .
Sickness behaviour
The interactions between microorganisms and the immune system may also have important influences on the brain. Given that changes in the microbiota have such profound effects on the immune system 71 , it is tempting to speculate that some of the effects on the brain and many different aspects of behaviour that are caused by changes in the gut microbiota 72 may be mediated by changes in the immune system, although the possible mechanisms are unclear.
Pathogens that invade the body cause robust activation of immune response mechanisms, including the stimulation of innate immune cells, the activation of lymphocytes and an increase in proinflammatory cytokines 1, 73 . One of the most salient behavioural responses to infection is sickness behaviour: a collection of behaviours including lethargy, social withdrawal, increased sleep and decreased appetite that are designed to promote survival by decreasing energy expenditure and promoting pathogen clearance. These behaviours, which are crucial for survival of the infected individual and of their group, are an outcome of complex neuroimmune interactions.
Sickness behaviour is initiated by pro-inflammatory cytokines such as IL-6, tumour necrosis factor (TNF) and, predominately, IL-1β 1, 74, 75 . These cytokines transmit information from the site of infection to the CNS by inducing signalling through vagal afferents or by humoral transmission through the circumventricular organs (which lack a complete blood-brain barrier) and endothelial cells in brain blood vessels 1, 76 . Peripheral signals are transduced The findings described above indicate a link between social behaviour and T cell-derived IFNγ. Together with reports of altered levels of IFNγ in individuals with depression or ASD [53] [54] [55] [56] [57] , these findings could suggest that immune dysfunction may contribute to the pathology of neurological disorders that present with social withdrawal. In a post-mortem study, Clark et al. 53 revealed that IFNγ levels were reduced in the ventrolateral PFC of individuals diagnosed with depression compared with controls; by contrast, other studies reported increased circulating levels of IFNγ in people with depression 54 . Whether these differences are due to variability in the cohorts or, more intriguingly, to differential expression of IFNγ in the blood versus the CNS is not known. Similarly, although ASD is a heterogeneous disorder, individuals with ASD often exhibit abnormalities of the immune system and of IFNγ production. In children who are diagnosed with ASD, the number of terminally differentiated T cells is decreased 58 , and, when stimulated experimentally with phorbol myristate acetate and ionomycin, T cells isolated from these individuals produce lower amounts of IFNγ than do T cells from age-matched control individuals 55 . However, in other studies, IFNγ levels were found to be increased in the brains 56 and blood 57 of individuals diagnosed with ASD and in a mouse model of ASD (BTBR mice) 59 . These results reflect the heterogeneity of ASD 60 , and it is most likely that a disruption in immunity in any direction has deleterious consequences.
The potential effect of increased IFNγ on social behaviour is as yet untested. An interesting hypothesis is that chronically increased IFNγ levels could overwhelm the system and occlude the small responses to IFNγ that are needed to correctly inhibit local circuits 61 . Also, as with many cytokines, strong feedback inhibition mechanisms inhibit signalling molecules downstream of the IFNγ receptor during prolonged IFNγ signalling. For example, the effects of IFNγ signalling may be attenuated by decreasing or upregulating the expression of IFNγ receptor subunits or of suppressors of cytokine signalling (SOCS) protein family members, respectively 62 . By contrast, in the periphery, sub-threshold IFNγ levels can sensitize macrophages to subsequent IFNγ exposure 63 . This sensitization programmes or changes the responses of macrophages and dendritic cells to IFNγ 63, 64 . Sensitization of neurons by IFNγ has not yet been investigated. to the parenchyma and propagate by further local production of cytokines by perivascular macrophages and microglia 70, [77] [78] [79] . Although some aspects of sickness behaviour, such as decreased social interactions, may be attenuated by neutralizing brain IL-1β (for example, by injecting an IL-1β antagonist into the cerebral ventricles), others, such as decreased food-motivated behaviours, are not 80 . This suggests that the circuits involved in sickness behaviour are complex, and the molecular mechanisms that underlie how peripheral cytokines affect these neural circuits are unclear.
A virus-versus-host competition Social or aggregation behaviour is crucial not only for survival and evolution but also for the spread of transmissible organisms. sickness behaviour -Reiber et al. 86 observed increased social interactions for 48 hours in humans who were given the vaccine. How, then, can an increase in pathogen-induced social aggregation be reconciled with social withdrawal being a component of sickness behaviour? Recent work from our group offers a plausible hypothesis that pathogen-induced prosocial behaviour and host-induced sickness behaviour are evolutionarily linked and can be viewed as the result of an evolutionary 'arms race' between pathogens and hosts 41 . During an infection, the host response is complex, and behavioural output may be influenced by the types of cytokine that are produced and by their cellular targets. Moreover, peripherally derived cytokines may target cells and/or neuroanatomical Therefore, coordinated immunity and sickness behaviour have evolved to acutely limit the spread of pathogens. In 1988, Hart 81 first argued that sickness behaviour is not a maladaptive response to infection but rather a coordinated behavioural strategy to promote host survival. A more recent hypothesis attributes sickness behaviour to altruism and kin selection 82 ; that is, sickness behaviour provides an evolutionary advantage to survival of the herd 83, 84 . Interestingly, it has been reported that, if the infected host does not elicit overt sickness behaviour, they may increase their propensity to aggregate 85 . For example, using a protocol to model influenza challenge -a vaccination containing haemagglutinin from three strains of influenza virus, which did not induce 
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sites that are different from those targeted by cytokines that are secreted locally into the CSF or directly in the CNS 87, 88 . IFNγ derived from meningeal T cells promotes social behaviour 41 , and the same (or additional) sources of IFNγ may be responsible for anti-pathogen responses in the CNS 89 . However, in addition to the IFNγ response to pathogens, host defence includes an innate immune response that involves TNF, IL-1β and IL-6 -cytokines that are known to induce sickness behaviour and social withdrawal 1 . Therefore, most infections would induce opposing cytokine-induced behavioural responses: IFNγ-driven aggregation and a robust sickness response that is driven by TNF, IL-1β and IL-6. Essentially, to be maximally successful, a virus must infect a host, limit the antiviral mechanisms and sickness behaviour of the host, and promote aggregation of the host with other conspecifics (FIG. 4) . One way in which a virus would secure the transmission of genetic information might be to silently evade the immune response of the host and become incorporated into the host genome.
Endogenous retroviruses (ERVs) are provirus genes that reside in the genome of the host. It is suggested that they derive from ancient infections, and have since become integrated into germline cells and are now inherited as chromosomal DNA
90
. Sequences derived from ERVs comprise up to 10% of the human genome 91 . ERVs do not produce functional viruses, at least not in humans, and usually do not generate protein, owing to early embryonic silencing by heavy de novo methylation patterns. Exceptions are the syncytins, provirus ancestral polyproteins that form the viral envelope and that are thought to have contributed to the evolution of eutherians (placental mammals) 92 . Besides these and some other exceptions, do other ERVs simply reside in the genome of the host as 'junk DNA'? Recent evidence suggests that this is not the case and instead indicates that ERVs play an active part in the host.
Altering histone-methylation patterns can result in aberrant expression of ERVs. Thus, for example, neural precursor cells from mice that lack tripartite motif containing 28 (Trim28), which encodes a transcriptional co-repressor that recruits histone-modifying enzymes, show aberrant expression of the ERVs MMERVK10C (Mus musculus ERV using tRNA Lys type 10C) and IAP1 (intracisternal A-particles class 1) 93 . The consequence is aberrant expression of nearby genes (and non-coding RNAs) on the chromosome and behavioural hyperactivity. In humans, increased levels of ERV mRNA have been associated with ageing and psychiatric disorders such as schizophrenia and bipolar disorder [94] [95] [96] [97] . Even when silenced, the presumably benign ERV sequences can influence the transcription of nearby genes through several mechanisms -for example, by providing promoters for protein-encoding genes or by facilitating the production of microRNAs, long non-coding RNAs and antisense RNAs [98] [99] [100] . This suggests that ERVs can potentially modulate not only gene networks in neurons but also their functions.
ERVs were recently shown to amplify the expression of IFNγ-inducible genes through the binding of signal transducer and activator of transcription 1 (STAT1) -a transcription factor that is expressed following interferon receptor activation -to ERV elements 101 , although the precise relevant mechanisms have yet to be elucidated. Chuong et al. 101 analysed available data sets obtained by chromatin immunoprecipitation followed by Signal transducer and activator of transcription (STAT)-induced genes are enriched in primitive social organisms such as Drosophila spp. Viruses (shown in green in this schematic) infect a host and upregulate STAT-dependent transcription of pro-social genes; this promotes aggregation and enhances the spread of the viral genes. Retroviruses can integrate into the host genome, and germline integration of the viral sequences results in vertical transmission and passage of viral DNA. As viral sequences integrated into a host genome can transfer through vertical transmission, these sequences can transmit without inducing sickness behaviour in the host (unlike an acute infection). If transposition results in an upregulation of STAT-dependent transcription of pro-social genes, this could increase the reproductive fitness of the host and further promote increased vertical transmission of viral sequences using natural selection. Further positive selection could arise if transposition of endogenous retroviruses (ERVs) expanded to include target genes for anti-pathogen responses. This would ensure greater immunity (for example, in response to the red virus in the schematic) and increased fitness during times of aggregation and mating. Beyond this, transposition of viral DNA leads to the evolution of adaptive immunity (including the assembly of variable, diversity and joining (VDJ) genes for antigen receptors) and to increased efficiency for defence against pathogens. IFNγ, interferon-γ.
Given the pro-social effects of IFNγ described above, it is intriguing to speculate that organisms would increase their fitness and natural selection by expanding the effects of IFNγ, which promotes social aggregation, to also include the expression of anti-pathogen genes. Retroviral insertion, transposition and gene duplication might also have contributed, in evolutionary terms, to the diversity of genes that encode MHC proteins and TCRs, again suggesting a productive evolutionary 'arms race' between host and pathogen [102] [103] [104] . As outlined above, IFNγ-inducible genes in the brain drive sociability (which has been used to predict increased reproduction 105 ) and aggregation 41 . Thus, it is conceivable that viral induction of pro-social genes that are regulated by IFNγ in the brain would increase social interactions between the host and its conspecifics, benefiting the spread of the viral genome. Higher-order species have evolved means for IFNγ to also promote inflammation and therefore combat viruses more efficiently. This would ensure that an anti-pathogen response is promoted during the periods of aggregation needed for the survival of a species.
To further investigate this possibility, brain transcriptomes of rats, mice, zebrafish and flies housed in social or isolated conditions were analysed 41 . In the social condition, organisms exhibited increased expression of IFNγ-inducible genes, even in the absence of infection. This remained true even in flies, which have the primordial Janus kinase (JAK)-STAT signalling pathway but lack IFNγ itself and adaptive immunity (both of which developed more recently with the evolution of jawed vertebrates).
Overall, if transposed ERVs enhanced the social behaviour of the host by upregulating social genes (such as IFNγ-dependent pro-social genes), both the social fitness of the organism and the probability of vertical transfer of the ERV sequence would be increased. Furthermore, by evolving an immune IFNγ signalling pathway that is more efficient, organisms remain social while mounting a more effective antiviral response (FIG. 4) . Future work is needed to assess how IFNγ fits into this evolutionary interaction between pathogens and host regarding social behaviour and the anti-pathogen response. For example, mapping the genes that are necessary for IFNγ-driven pro-social behaviour and identifying which of these intersect with genes that are involved in the IFNγ-dependent immune response will be important to understand how IFNγ might have evolved to influence these two important functions.
Concluding remarks
Immune cells and their derived molecules can have a prodigious effect on behaviour. Some of the relevant signalling pathways that culminate in the expressions of these effects, such as sickness behaviour, have been well studied, but the mechanisms by which most immune cell-derived molecules affect behaviour are unclear. More than 100 different molecules with 'cytokine' activity are currently known, and immune cells produce numerous neuroactive compounds, including neurotransmitters and neuromodulators. This abundant pool of immune agents constitutes a huge potential reservoir through which immune cells and their derived molecules can globally or selectively influence neural circuits. Many fundamental questions in neuroimmunology remain unanswered.
What is the precise nature of the protective and the detrimental functions of T cells and of their effects on recovery from CNS disease or injury? Besides T cells, are there other meningeal immune cells that can signal to neurons? If so, how do these signals gain access to the parenchyma? How rapidly can these signals operate? Are all neural circuits amenable to modulation by immune molecules? Can disruption of neuroimmune communications alter disease progression?
Finding the answers to these questions will provide a more profound understanding of the interactions between the immune and the nervous systems and will open new doors for the development of novel therapeutic modalities that target the immune system and benefit the brain.
